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AN ABSTRACT OF THE THESIS OF

Nada Jacques Habeichi for Master of Science
Major: Pharmacology and Toxicology

Title: The Impact of Cigarette Smoking On Type | Cardio-Renal Syndrome in Male and
Female Mice

Overwhelming epidemiological evidence correlates cardiovascular diseases (CVDs)
with acute kidney injury (AKI) and cigarette smoking (CS). CS contains thousands of
carcinogenic and non-carcinogenic chemicals that play a key role in reducing cell viability in
renal proximal tubular epithelial cells through acute or chronic pathological mechanisms.
Myocardial infarction (MI) is a major public health concern and a leading cause of type |
cardio-renal syndrome in both males and females. In this study, the impact of CS on type |
cardio-renal syndrome in both genders was investigated in a mouse model of Ml using 3
groups: control, MI, and MI + CS of each gender.

Histological analysis of MI+CS groups showed morphological alterations in the
kidneys including glomerular retraction, proximal convoluted tubule dilatation, and interstitial
fibrosis, which were significantly heightened in males when compared to the relative female
subjects.

Molecularly, the pro-inflammatory cytokine IL-1p was markedly increased in males
post MI+CS when compared to the control group, whereas, the anti- inflammatory cytokine
IL-13 was significantly heightened in females MI following CS exposure when compared to
the relative male group. The pro-fibrotic biomarkers MMP8 and a-SMA were markedly
increased in MI males following CS exposure when compared to the relative female group. Of
note, MMP13, CTGF tended to be non- significantly higher in MI males following CS
exposure when compared to relative female mice despite a comparable increase in ROS
production and DNA fragmentation.
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Metabolically, NAMPT and NMRK1 were significantly increased in MI females
following CS exposure when compared to relative male mice. Both SIRT1 and SIRT3 were
markedly decreased in MI male following CS exposure when compared to the relative female
subjects. Additionally, PARP-1 tended to be higher in M1 male group following CS exposure
when compared to the relative female group. Last but not least, NAD levels significantly
decreased in M1 male mice following CS exposure when compared to MI and control male
groups. In conclusion, our findings revealed that CS exposure exacerbates MI-induced kidney
damage in a gender biased manner with female mice being less susceptible to damage than
relative males.
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CHAPTER |

INTRODUCTION

A. The Cardio-Renal System

Cardiovascular and renal systems are intimately related through a synergistic
interrelationship in order to maintain cardio-renal homeostasis [4]. Acid-base and electrolytes
equilibriums are maintained by the kidneys, whereas, the heart is responsible for providing a
sufficient amount of blood to the vital organs of the body through the vasculature [5]. This
bidirectional interrelationship is fine-tuned by neurohumoral activity, including sympathetic
nervous system (SNS), renin-angiotensin-aldosterone system (RAAS), atrial natriuretic
peptides (ANP), and baroreflex systems. Under physiological conditions following an increase
in blood pressure (BP), SNS/RAAS activity is diminished while ANP production and
baroreflex activation restore BP to normal range maintaining therefore the cardio-renal
homeostasis [6]. The baroreflex system is divided into two integrated negative feedback
systems adjusting the momentary activation of SNS and RAAS. For instance, any alteration in
systolic BP is modulated by both the aortic-carotid and the cardiopulmonary baroreflex
systems, allowing preservation of normal peripheral vasoconstriction, venous return, stroke
volume (SV), cardiac output (CO), and renal perfusion [7]. ANP on the other hand, is
increased with BP increase exerting a vasodilatory effects on the arteries and the venous

system causing a decrease in systemic vascular resistance, increase in venous dilatation, and a



subsequent decrease in BP. Additionally, ANP inhibits renin secretion from the
juxtaglomerular cells of the kidneys, and norepinephrine from sympathetic nerve terminals
contributing to the maintenance of hemodynamic homeostasis [8]. In contrast, if BP falls, SNS
and RAAS are activated, and ANP secretion is inhibited. SNS contributes to physiological
long-term blood pressure regulation via the action of norepinephrine on f1 adrenoceptors. 1
is the most prominent subtype of beta-adrenoceptors in the heart enhancing upon stimulation
cardiac inotropic, dromotropic, lusitropic, and chronotropic effects [9]. In the kidneys, 1
stimulation elevate renin synthesis and release; subsequently, renin convert angiotensinogen to
angiotensin |1, a vasoactive peptide that increase aldosterone synthesis, salt and water
retention, and intravascular volume expansion mainly via its actions on the AT1R receptor

[10, 11].

B. The Cardio-Renal Syndrome (CRS)
1. The Cardio-Renal Syndrome (CRS)

The Acute Decompensated Heart Failure National Registry (ADHERE) database
postulated that more than 30% of patients with cardiac dysfunction are diagnosed with kidney
diseases. Additionally, in a systemic review of 16 studies, 29% of patients with heart failure
developed moderate and severe kidney impairment [12] [13]. Cardio-renal syndrome (CRS) is
defined as a complex clinical condition in which both cardiac and kidneys dysfunction overlap
[14]. Based on whether the initial injury originates in the kidneys or the heart, CRS is

classified into five distinct types.



2. CRS Classifications
a. Typel CRS
Type 1 CRS is defined as an acute cardiac dysfunction (i.e. acute myocardial infarction

(AMI)) leading to an acute kidney injury (AKI).

b. Type?2CRS

Type 2 CRS is defined as a chronic cardiac dysfunction (i.e. congestive heart failure)

causing a chronic kidney disease (CKD).

c. Type 3 CRS

Type 3 CRS is defined as an AKI inducing acute cardiac disease.

d. Type4 CSR

Type 4 CRS is defined as a CKD leading to the development of chronic cardiac

dysfunction.

e. Type5CRS

Type 5 CRS is defined as a systemic condition such as diabetes mellitus causing a

simultaneous injury in both the heart and the kidneys [15].
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Figure 1 Cardio-Renal System

Schematic diagram to show how the NP system, the RAAS and the SNS interact in order to
maintain cardio-renal homeostasis, and how the effects of the NP system and the RAAS on
key organs are generally counter-regulatory. ACE = angiotensin converting enzyme; Ang =
angiotensin; ANP = atrial natriuretic peptide; BNP = B-type natriuretic peptide; BP = blood
pressure; NP = natriuretic peptide; RAAS = renin-angiotensin-aldosterone system; SNS =

sympathetic nervous system [1].

C. Myocardial Infraction (MI)
1. Myocardial Infarction (MI) Prevalence:

M1 is a major health concern. It generally occurs when blood flow to one or multiple
areas in the heart is blocked, leading to cardiomyocytes death, followed by an alteration in the
structure and function in the left ventricle (LV) of the heart defined as left ventricle (LV)
remodeling [16]. According to the World Health Organization(WHQO) more than 31% of
cardiovascular (CVDs) related deaths are due to coronary heart diseases (CHD) [17]. The 2016

heart disease and stroke statistic estimated that one American will suffer from MI every 42



seconds [18]. The epidemiology of MI has been assessed using the influence of sex and risk
factors [19]. The prevalence of Ml is higher in males compared to age-matched females, and it
is dramatically increasing by age in both genders [20]. Additionally, gender disparity
disappears in women with reduced estrogen level post menopause [21]. For instance, in
patients under 45 years of age, the male to female ratio is 10:1, dropping progressively to 2:1

in patients over 75 years of age [22].

2. Myocardial infarction (M) risk factors:

According to TIMI risk score assessment, multiple factors including hypertension,
obesity, diabetes mellitus, and cigarette smoke (CS) are identified as both dependent and

independent high risk factors for MI development [19].

a. Obesity

Obesity is well-recognized as a major risk factor for cardiovascular diseases (CVDs)
[23]. Epidemiological studies have demonstrated that abdominal obesity increases the
incidence of M1 in both genders [24, 25]. Moreover, for every 10 kg increase in body weight a
12% increase in CHD risk arise [26]. Obesity significantly correlates with hypertension,
dyslipidemia, and diabetes mellitus (DM), all of which are pivotal risk factors for CHD
development [27]. It is well documented that the accumulation of adipose tissues in the vessel
wall plays a crucial role in obesity induced CVDs [28]. In lipid storage diseases, the
transendothelial passage of low density lipoprotein (LDL), Intermediate density lipoprotein

(IDL), and very-low density lipoprotein (v-LDL) from plasma into the vascular intima triggers



an inflammatory response mediated by macrophages infiltration and monocytes activation
[29]. These inflammatory reactions boost the release of inflammation-related adipokines such
as interleukin (IL-1), IL-6, endothelin, angiotensinogen, therefore accelerating CHD

development [30, 31].

b. Diabetes Mellitus (DM)

The prevalence of CHD is very common in diabetic patients. Hyperglycemia and
insulin resistance highly correlates with the overexpression of multiple pro- inflammatory
cytokines including IL-1, IL-6, and tumor necrosis factor- alpha (TNF- a), all of which
drastically accelerate the risk of endothelial dysfunction [32, 33]. The pro-inflammatory
environment along with the high level of C reactive protein (CRP), impairs endothelial nitric
oxide formation, prostacyclin synthesis, and increases the uptake of oxidized LDL in coronary
arteries, therefore promoting endothelial dysfunction, atheroma plaque formation, and
subsequently, increasing the risk of myocardial ischemia [34, 35]. The incidence of Ml is 3.4
times higher in diabetic women and 2.5 times higher in diabetic men when compared to
control subjects even after adjusting for other risk factors such as hypertension, dyslipidemia,
and cigarette smoke (CS) [36]. Clinical studies revealed a 4 fold higher risk in diabetic men
and 7folds higher risk in diabetic women of Ml-related mortality rate when compared to non-

diabetic MI populations [36, 37].



c. Hypertension

Hypertension is a common risk factor for M1 [38]. Multiple epidemiological and
clinical studies reported that more than 39% of M1 cases are attributed to hypertension [39,
40]. The prevalence of BP is higher in men compared to age- matched women. However, this
discrepancy is gradually decreasing post menopause, with a risk of hypertension increasing to
58% in women between 60-70 years old. [41-44]. Long-term increase in BP due to an over
activation of SNS and RAAS can aggravate vascular endothelial dysfunction by causing
changes in extracellular matrix turnover, and eventually increasing the risk of CHD
development. Additionally, serious consequences of persistent elevation in BP, such as
hypertrophy and interstitial fibrosis, can lead to structural and functional alteration in the left
ventricle (LV) of the heart defined as left ventricular hypertrophy (LVH) [45]. If left untreated,
LVH increase the risk of ischemic cardiomyopathy and subsequent heat failure development

[46].

d. Cigarette smoking (CS)

A strong pre-clinical and clinical evidence highlight the involvement of CS as an
independent factor in CHD development [47]. The cardiovascular risks caused by CS are
tightly related to the duration of smoking and the amount of cigarettes smoked [48, 49].
Additionally, CS results in a 5 -old increase in the incidence of MI in women versus 10 folds
increase in men [50]. Accumulating epidemiological studies report that CS is responsible for
one in every five deaths (~ 5 million deaths/year) with a 6% to 15% association with overall

healthcare costs in developed countries [51]. Moreover, smokers are estimated to exceed one



billion individual worldwide ( > 10 million deaths/year) by 2025 despite the awareness of CS
risks [52] [53] [54]. CS contains more than 5000 potential toxicants including amid, free
radicals, oxidative gases, reactive oxygen species (ROS), and carbon monoxide among others
[55]. Nicotine is a main smoking alkaloid presents in a high concentration in CS [56].
Additionally, nicotine can be acquired through active and passive smoking and it has a crucial
role in CHD development [57]. Two pathological mechanisms are involved in cardiac
remodeling following chronic CS; direct actions of CS on cardiac muscle including necrosis,
fibrosis, myocardial ischemia, and coronary vasoconstriction, leading to metabolic and
morphological changes in the heart also known as smoke cardiomyopathy. Indirect actions, by
increasing the adverse effects of other comorbidities such as hypertension, dyslipidemia, and

inflammatory reactions that further fuel their high risk impact on CHD development [3] [58].

3. Myocardial Infarction (MI) Pathophysiology

Despite the current pharmacological and interventional therapies and the remarkable
increase in survival rates following M1 (60% to ~ 90%), around 25% of M1 patients still
undergo adverse left ventricle remodeling [59]. Cardiac remodeling post-MI varies based on
the infarct size, the healing process, and the presence or absence of comorbidities [60].
Following coronary artery occlusion, the hypoxic environment shifts ATP production to
anaerobic glycolysis increasing intracellular acidosis and promoting cell death and necrosis
[61]. Subsequently, dangerous associated molecule patterns (DAMPSs) including DNA, RNA,
heat shock proteins (HSPs), and adenosine triphosphate (ATP) are released from dying

cardiomyocytes into the surrounding extracellular space. Three interchangeable phases are



involved in wound healing process following MI [16] [62]. The early inflammatory phase,
mediated by the recruitment of monocytes and neutrophils to the site of injury, is initiated at
the onset of M1 [3]. This inflammatory response triggers monocytes differentiation into
macrophages M1, resulting in fibroblast proliferation, activation of pro-inflammatory
cytokines (IL-1, IL-6, TNF-a), and extracellular matrix (ECM) degradation [63]. The
granulation phase is characterized by the activation of macrophages M2 including (IL- 10,
TGF-B1), subsidization of inflammation, differentiation of fibroblast to myofibroblasts, and
ECM deposition [64]. Fibrotic scar formation and myofibroblast survival are the hallmark of
the last phase known as the maturation phase [65]. Prolonged ischemia and inflammatory
response have a central impact on cardiomyocytes within both infarcted and non-infarcted
areas and is proven to be detrimental in the absence of appropriate inflammatory resolution
and adequate transition between remodeling phases [66]. Noteworthy, unresolved
inflammation promotes progressive infarct expansion and border zone extension by inducing
myocyte death and extracellular matrix (ECM) degradation [67, 68]. Additonally, upon
infarction, the mechanical workload of the heart shifts to the remote uninfarcted region which
responds by increasing the amount of contractile units. However, remote hypertrophied
myocytes are vulnerable and dysfunctional with reduced systolic sarcoplasmic reticulum Ca
release and desensitization to Ca which further exacerbate systolic dysfunction post-Ml [69,
70].Wound-healing process. Three phases are identifiable in the wound-healing process that
follows myocardial infarction. Inflammation phase: (1) Onset of myocardial infarction by
obstruction of blood flow in coronary arteries. (2) Hypoxic environment triggers cellular

necrosis and the release of DAMPs. (3) Irritated endothelium expresses adhesion molecules



and alert circulating innate immune cells. (4) Acute inflammatory response is initiated by
neutrophil and monocyte recruitment, activation, and extravasation to the site of injury. (5)
Pro- inflammatory environment triggers monocytes to macrophage M1 differentiation and
activation. (6) Macrophages stimulate fibroblast proliferation and migration which further
boost pro-inflammatory cytokines (i.e. IL-1, IL-6, and TNF-a)), chemokines (i.e. MCP-1 and
IL-8), release of proteinases (i.e. MMPs), and ECM degradation. Granulation phase: (7)
Macrophage phagocytosis of necrotic debris and apoptotic neutrophils which triggers M2
macrophages activation. (8) M2 molecules (i.e. IL-10 and TGF-f) subside inflammation and
stimulate fibroblast to myofibroblast differentiation. Myofibroblast becomes the major
producer of ECM components and mediators of ECM deposition. Maturation phase: (9)
Prolonged myofibroblast survival along with ECM crosslinking and fibrotic scar maturation

and contraction [3].

10



* M1Macrophage molecule
* M2Macrophage moleasle

Maturation Phase ( weeks)

Figure 2 Wound-healing process

Three phases are identifiable in the wound-healing process that follows myocardial infarction. Inflammation
phase: (1) Onset of myocardial infarction by obstruction of blood flow in coronary arteries. (2) Hypoxic
environment triggers cellular necrosis and the release of DAMPSs. (3) Irritated endothelium expresses adhesion
molecules and alert circulating innate immune cells. (4) Acute inflammatory response is initiated by neutrophil
and monocyte recruitment, activation, and extravasation to the site of injury. (5) Pro- inflammatory environment
triggers monocytes to macrophage M1 differentiation and activation. (6) Macrophages stimulate fibroblast
proliferation and migration which further boost pro-inflammatory cytokines (i.e. IL-1, IL-6, and TNF-a),
chemokines (i.e. MCP-1 and IL-8), release of proteinases (i.e. MMPs), and ECM degradation. Granulation phase:
(7) Macrophage phagocytosis of necrotic debris and apoptotic neutrophils which triggers M2 macrophages
activation. (8) M2 molecules (i.e. IL-10 and TGF-p) subside inflammation and stimulate fibroblast to
myofibroblast differentiation. Myofibroblast becomes the major producer of ECM components and mediators of
ECM deposition. Maturation phase: (9) Prolonged myofibroblast survival along with ECM crosslinking and
fibrotic scar maturation and contraction [3].

D. Myocardial infarction (MI) and Typel CRS development

Although the occurrence of type 1 CRS in the settings of M1 is very common, its
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underlying pathophysiology is poorly understood. Developed acute kidney injury in Ml
patients accounts for 25% to 40% of acute heart disease hospitalizations, increasing
mortality rate substantially [4] [71, 72]. Accumulating pre-clinical and clinical evidence
showed that both hypoperfusion and increased central venous pressure are crucial factors
in type | CRS development [73]. At the onset of MI, MI-induced ventricular systolic
dysfunction leads to a decrease in SV, cardiac output CO, and subsequent decrease in renal
perfusion and glomerular filtration rate (GFR), eliciting systemic compensatory
mechanisms [74]. Decreased arterial pressure to the kidneys as result of the compromised
cardiac systolic function is met with an increased in central venous pressure and a decrease
in GFR [75, 76]. Unlike physiological conditions, the compensatory mechanisms that are
primarily mediated by SNS and RAAS activation are sustained in the presence of type |
CRS, promoting subsequently adverse and progressive kidney damage [8, 77-79]. In
addition to the SNS and RAAS activation, systemic inflammation and vasoactive
compounds including endothelin, and NO along with prescribed diuretics can adversely
affect renal perfusion independently of altered cardiac hemodynamics [80]. For instance,
several experimental studies documented that type | CRS development highly correlates
with enhanced monocytes activation and increased plasma pro-inflammatory cytokines
(IL-1, IL-6, etc.) [81, 82]. Similarly, exogenous factors such as loop diuretic may
contribute to kidney dysfunction by further fueling RAAS activation [83]. For example,
Testani et al. reported that the use of high doses of loop diuretic was associated with a 5
fold increase in kidney dysfunction [84]. In Summary, SNS, RAAS, hemodynamics,

vasoactive compounds, as well as the immune system regulate the bidirectional
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interrelationship between the heart and the kidneys [80]. Any imbalance in these complex
systems such as the systemic pathological response mediated by MI can aggravate cardiac

and renal damage and constitute the basis of type | CRS development.
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Figure 3 Type 1 Cardio-renal syndrome (CRS)

Pathophysiologic interactions between heart and kidney in type 1 or "acute CRS" (abrupt
worsening of cardiac function; eg, acute myocardial infarction, acute cardiogenic shock or acute
decompensation of chronic heart failure) leading to kidney injury. Abbreviations: ACE, angiotensin-
converting enzyme; ANP, atrial natriuretic peptide; BNP, B-type natriuretic peptide; CO, cardiac output;
GFR, glomerular filtration rate; H20, water; KIM, kidney injury molecule; Na, sodium; N-GAL,
neutrophil gelatinase- associated lipocalin; RAA, renin angiotensin aldosterone. Reproduced from
Ronco et al27 with permission of Elsevier [2]
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E. Diagnosis
Multiple biomarkers of tubular kidney injury and glomerular integrity including
neutrophil gelatinase associated lipocalin, kidney injury molecule 1, and cystatin C are

currently used in diagnosis of type | CRS.

1. Neutrophil gelatinase associated lipocalin (NGAL)
NGAL is a small protein located in neutrophils and it is freely filtered in glomerulus
and completely reabsorbed in proximal convoluted tubules (PCTSs). In the settings of kidney
insult and within 24-48 hours following PCT injury, NGAL level is significantly elevated in

both serum and urine (normal < 20ng/ml) [85, 86].

2. Kidney injury molecule 1 (KIM 1)
KIM-1 is tightly linked to the severity of kidney damage and peaking within 24 hours
following PCT injury in the urine (normal < 200 ng/gCr). Unlike normal conditions, KIM 1 is
expressed in regenerating PCT cells, promoting phagocytosis of apoptotic cells in the kidneys

[87, 88].

3. Cystatin C
Cystatin C is produced in nucleated cells, freely filtered in glomerulus but not secreted
in PCTs, and it is dramatically increased in plasma in kidney disease with reduced GFR. This

marker is not influenced by muscle mass and thus it is better than serum creatinine with
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respect to measured GFR [89, 90].

4. Creatinine
Creatinine is the end product of muscle creatine metabolism, freely filtered in
glomerulus but not reabsorbed in PCT [91]. A significant amount of creatinine is secreted
from PCTs into urine, thus this marker is highly influenced by variation in tubular secretion
[92]. Additionally, sex, age, muscle mass are important modifiable factors that limit the
accurate measurement of creatinine level in both plasma and urine [93]. Creatinine clearance is
used to assess kidney function and to monitor kidney disease development (normal 110-150

ml/min in men, 100-130 ml/min in women) [94].

F. The Impact of CS On the Cardio-Renal System
Accumulating epidemiological studies linked CS to CVD development and prognosis.
CS induces cardiac remodeling through four major interchangeable but overlapping

mechanisms: ROS production, inflammation, apoptosis, and metabolic impairment.

1. Functional and Structural Mechanisms of CS-Induced Heart Damage

Multiple preclinical and clinical studies defined CS as a risk factor for adverse cardiac
remodeling. In pathological response, CS-induced molecular and cellular changes in the heart
can lead to structural damage such as ventricular hypertrophy/ dilatation, resulting in impaired
LV systolic and diastolic function [17]. Two pathological mechanisms are involved in adverse

cardiac hemodynamic changes following chronic CS: direct and indirect actions. Direct
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actions of CS on cardiac muscle including necrosis, fibrosis, myocardial ischemia, and
coronary vasoconstriction, leading to metabolic and morphological changes in the heart also
known as smoke cardiomyopathy [17]. Indirect actions of CS are mediated through fueling
other comorbidities and CHD risk factors such as hypertension, dyslipidemia, and
inflammatory reactions [3] [58]. CS-induced adverse cardiac remodeling is well documented
in multiple experimental studies. For instance, a significant increase in left ventricle end
systolic diameter (LVESD) and left ventricle end diastolic diameter ( LVEDD) were observed
in a rat model exposed to 5 weeks of cigarette smoking [95]. Moreover, Talukder et al
demonstrated that 32 weeks CS-exposed mice showed systolic and diastolic dysfunction in the
LV of the heart [96]. Gvozdjakova et al. were the first to introduce the term smoke
cardiomyopathy by referring to morphological alterations in the rabbit myocardium following

chronic CS exposure and in the absence of comorbidities [97].

2. Molecular Mechanism of CS-induced Heart Damage

a. CS induced cardiac oxidative stress

Excessive ROS generation in response to CS promotes cardiac damage by inducing
DNA denaturation, pro-inflammatory cytokines production, and lipid peroxidation [98]. These
molecular and cellular changes can result in structural and functional alterations in the left
ventricle of the heart. Duarte et al. demonstrated that CS accelerates cardiac remodeling post
MI with increased GSSG and decreased GSH, GSH/GSSG ratio in both the heart and the liver.
Eventually, GSH/GSSG imbalance causes an impaired anti-oxidant mechanism and enhanced

systemic oxidant effect of CS on the heart [99]. Additionally, 8 weeks of CS-exposed animal
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model revealed that CS induces lipotoxicity, mitochondrial dysfunction, and ROS production,

therefore increasing cardiotoxicity [100].

b. CS induced cardiac inflammation

Several pre-clinical and clinical studies documented that increased inflammatory
response in cardiac tissues is highly correlated with CS exposure [101, 102]. CS induced ROS
production is involved in the inflammatory reactions by activating several pathways including
NF-kp, therefore promoting the production of pro-inflammatory cytokines such as IL-8 and
TNF-a [103, 104]. Walter et al. reported that CS induces IL-8 production from infiltrating
macrophages and monocytes [105]. Additionally, a 4 months CS-exposed rat model study
showed an upregulation in pro-inflammatory cytokines such as IL-1p, TNF-a, and IL-6 while
downregulating anti-inflammatory cytokines including IL-10 and TGF-f, subsequently

accelerating adverse cardiac remodeling [106].

¢. CS induced cardiac apoptosis

Apoptosis or “programmed cell death” is a crucial factor to maintain the health of
organisms by promoting cell’s turnover to replace malfunctioning cells [107]. Cardiac
apoptosis is tightly correlated with increased ROS production and pro-inflammatory cytokines
upregulation following CS exposure [100, 108, 109]. Das et al. demonstrated that CS induces
extrinsic (caspase 8, TNF-a upregulation) and intrinsic (caspase 9, cytochrome c, and
BAX/BCL2) apoptotic pathways in the myocardium [108]. Additionally, in a rat model study,

CS-induced adverse cardiac remodeling through the activation of P38 and JNK of MAPK
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signaling pathways [109]. Moreover, CS inhibits PI3K/AKT pathways resulting in increased

apoptosis in the heart [17].

d. CS-induced metabolic impairment

Following CS exposure, cellular metabolic impairments were shown to accelerate ROS
production, resulting in increased oxidative damage and subsequent inflammatory response
[17]. Under physiological conditions, low ROS levels regulate multiple intracellular processes
[110]. In contrast, excessive ROS generation alters mitochondria protein synthesis thus
attenuating mitochondrial redox and ATP production levels, heightening subsequently cellular
dysfunction and death [111]. In addition to their importance in regulating cell signaling and
apoptosis, mitochondria regulates energy production in cardiovascular cells [112]. Pre-clinical
studies indicated that CS increased mitochondrial permeability transition pore opening and
oxidative stress, and decreased oxidative phosphorylation rate [113]. Gvozdjakova et al.
reported that 3 weeks CS- exposed rabbits developed mitochondrial dysfunction via a

significant decrease in oxidative phosphorylation, mito-respiration, and Q10 levels [97, 113].

3. Functional and Structural Mechanisms of CS-Induced Kidneys Damage
Heavy smoking is defined as a pivotal risk factor for kidney disease development.
Experimental and clinical studies have postulated that CS causes multiple structural and
functional deformities in the kidneys [114]. For instance, smokers are more prone to develop
albuminuria, which is the early biomarker of kidney damage, when compared to non-smokers

[115]. Hallan S.1. et al. reported that smokers are more likely to develop hypertension due to
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increase in renin release from juxtaglomerular cells of the kidneys followed by angiotensin 11
production, a well-known potent vasoconstrictor [116]. Nicotine itself is known to aggravate
kidney dysfunction by activating SNS (and renin and Ang Il subsequently), resulting in renal
vasoconstriction followed by a decline in renal blood flow and kidney perfusion [117].
Similarly, multiple pre-clinical studies highlighted the deleterious effects of chronic CS
exposure on renal vasculature, including endothelial cell dysfunction, reduced vasodilatation,
and decreased glomerular filtration rate (GFR) [118, 119]. In addition to CS-induced
functional abnormalities, structural deformities following CS exposure have been also
reported. For example, dilatation and atrophy in tubular basement membrane, and tubule
interstitial fibrosis are well documented in a rat model of cigarette smoke exposure [120].
Along the same line, another experimental study elucidated that CS causes thickening in
glomerular basement membrane. This alteration in glomerular structure results in kidney
functional impairment such as reduced GFR and increased albuminuria [121]. Additionally, an
in-vitro study indicated that CS leads to a decreased phagocytic capacity of mesangial cells
therefore increasing catabolize materials accumulation in in glomerular capillary walls and

further promoting kidney dysfunction [122].

4. Molecular Mechanisms of CS-Induced Kidney Damage

The adverse effects of CS on kidneys can be classified into four interchangeable

mechanisms: ROS production, inflammation, fibrosis, and apoptosis.
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a. CS- induced renal oxidative stress

Sustained increase in ROS production along with impaired anti-oxidant capacity within
the renal cell can lead to progressive kidney damage [123]. Under physiological conditions,
ROS production occurs in the course of oxygen metabolism and plays an essential biological
role in the regulation of apoptosis, cell growth, and cell signaling transduction [124].
However, it is noteworthy to mention that CS is a well-known source of exogenous ROS and
contains chemicals and irritants including free radical and oxidative gases that not only
stimulate endogenous ROS production but also impair ROS anti-oxidant mechanisms [108,
125]. The impairment of the antioxidant defense mechanism caused by CS exposure can
initiate or exacerbate molecular injury, such as DNA strand breaks and protein denaturation.
These molecular changes can lead to renal fibrosis, apoptosis, necrosis, inflammatory
reactions, and subsequently, structural and functional damage to the kidneys [123]. Gaurav et
al. reported that 100 Nm nicotine stimulates NADPH oxidase-induced ROS production,
promoting thereafter ERK1/ERK2 phosphorylation, subsequently increasing mesangial cells

proliferation and fibronectin production in the kidneys [56].

b. CS-induced renal Inflammation

Irrespective of the underlying mechanism, inflammation increases mortality and
morbidity rates in AKI [126]. A mouse model study reported that CS exposure induces renal
TNF-a and IL-6 production, accelerating thereafter tubules and glomeruli damage [127, 128].
Michael E. Hall et al. showed a positive correlation between CS and increased CRP level,

suggesting that CS-induced inflammation may contribute to kidney damage [129].
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Additionally, an experimental study reported that CS increases Cystatin C level in plasma. Of
note, Cystatin C is associated with decreased GFR and increased inflammation and is
attributed to acute kidney injury development [130]. Once kidney insult is established,
intrinsic and activated tubular renal cells express chemoattractants including adhesion
molecules and chemokines, resulting in an influx of inflammatory cells such as leukocytes and
macrophages into the tubulointerstitium [131]. Infiltrating macrophages contribute to the
progression of kidney dysfunction through the production of proteolytic enzymes,
inflammatory cytokines, ROS, and fibrogenic growth factors [132]. The trafficking of immune
cells and cytokines fuel the production of profibrotic and proinflammatory factors,
subsequently promoting myofibroblast differentiation, fibroblast proliferation, matrix

secretion, and tubular atrophy [126, 132].

c. CS-induced renal fibrosis

CS-induced fibrosis highly correlates with kidney disease development [133]. In a 5/6
nephrectomy CKD rat model, the administration of nicotine induces a significant increase in
the expression of TGF-p, and collagen, which are a well- known mediators of fibrosis [134].
Additionally, Arany et al. reported that 200uM nicotine promotes the effect of TGF-f1 on
fibronectin and alpha smooth muscle actin (a-SMA) production in PCTs, accelerating
thereafter fibrosis in the kidneys [135]. Yokoi et al. and Jensen et al. demonstrated that CS
induces up-regulation of connective tissue growth factor (CTGF), a fibrogenic factor that
triggers matrix protein synthesis and myofibroblast proliferation [136, 137]. These findings

elucidated the important and direct role of CS-induced kidney damage [138]. Of note, the

21



progression of fibrosis extends over four phases: priming, activation, execution, and
progression. The priming phase consists of two main events; the inflammation and the
colonization of myofibroblasts. Kidney insult establishes a pro-inflammatory environment,
therefore activating the infiltration of macrophages and monocytes to the site of injury [128,
138, 139]. Persistent inflammation leads to an accumulation of pro-fibrotic mediators followed
by a phenotypic transition of fibroblasts to myofibroblast [133, 139]. The activation phase is
characterized by a high rate of production of different growth factors and pro-inflammatory
cytokines. This cascade of events induces ECM producing myofibroblast in preparation for
fibrogenic events [138, 139]. The execution phase is characterized by an excessive generation
of ECM in association with of myofibroblasts over-proliferation, a significant indicative of
fibrosis [133, 138, 139]. The progression phase is characterized by a remarkable reduction in

nephron numbers and thus GFR [138, 139].

d. CS-induced renal apoptosis

Disequilibrium and excessive apoptosis are significantly heightened in AKI. Soo wan
kim et al. reported that nicotine induces apoptosis by changing the ratio of Bax/Bcl2. Bax is a
pro-apoptotic biomarker that binds to the mitochondria membrane permeabilization enhancing
cytochrome c release, thus eliciting renal apoptosis [140] [141]. Additionally, nicotine
promotes apoptosis through increased ROS production, induced ERK1/2, INK and P38

phosphorylation in human podocyte cells.[135, 142] [143].
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G. CS and Gender Bias

Accumulating epidemiological studies reported that the ratio of female-to-male
smoking prevalance in middle and low-income countries is on the rise. Although CS-induced
adverse effects on the cardiovascular and renal systems is well established in males, little is
relatively known about the impact of CS on the females systems as well as the gender
discrepancies in type | cardio-renal syndrome ( table 1). The prevalence of cardiovascular and
kidney diseases in pre- menopausal women are less frequent than age-matched men, but picks
up wih age to reach similar levels in the post-menopausal phase [144]. Sexual dimorphisms
are potentially attributed to the protective role of endogenous estrogen E2 (17-p Ethinyl
Estradiol). Pre-clinical and clinial studies suggested that E2 effects are primarily mediated by
two types of receptors; ERa and ERp. Lagranha et al. showed that E2 plays a cardioprotective
role in premenopausal female rats following ischemia reperfusion I/R injury by decreasing
infarct size and promoting cardiomyocyte contractility [145]. Additionally, Zhang et al.
demonstrated that lower coronary blood flow, higher incidence of tachycardia, and increased
infarct size were observed in the hearts of EraKO mice compared to wild type mice [146].
Along the same line, the direct cardio-protective role of Era was observed in MI induced-
female mice by using Era agonist (PPT), resulting in decreased infarct size and enhanced
cardiac function [147]. Erf receptors, on the other hand, exert indirect cardioprotective effects
by lowering blood pressure and modulating the autonomic cardiac control [51]. Several
experimental studies correlate E2 with improved kidney function. For instance, Kummer et al.
reported that E2 exerts anti-apoptotic effects on podocyte cells through attenuating the

opening of the mitochondrial permeability transition pore and decreasing the release of pro-

23



apoptotic biomarkers into cytosol [148]. Additionally, Seppi et al. elucidated that PCT renewal

mechanism is cyclically regulated by female sex hormones, resulting in increased cell

turnover, subsequently enhanced PCT repair capacity [149].

Experimental | Published | Animal Outcomes
Model Studies Model/Gender
Yes (I\.f_:]i:éggigemc ERp inhibits myocard_ial ﬁbros_is and
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AKI+ CS Yes ovariectomized E2 mediated ER-a activation decreases

CS exposed CS induced TGF-B, SMAD3, and

female .
mice +E2( 258 IGFR m-RNA expression [152]
release pellet)
Type Il CRS | N/A N/A N/A
Type I CRS
N/A N/A N/A
+CS

H. Thesis Rationale

CS is a major risk factor for CVDs and kidney dysfunction in both genders. WHO
estimates more than 5 million deaths annually caused by direct CS exposure [153].

Ml is on the rise in the Lebanese society and worldwide. According to WHO 31% of
CVD- related death is due to coronary heart diseases mostly M.
(http://lwww.who.int/cardiovascular_diseases/en/).

Ml is the leading cause of type | CRS development [154]. CS exacerbate M1 induced
kidney damage in male mice [155].

Numerous hemodynamic studies highlight the negative impact of CS on LV
remodeling in males [156].

The incidence of cardiovascular diseases in pre-menopausal women is less frequent
than age-matched men, but picks up wih age to reach similar levels in the post- menopausal

phase [157].
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The prevalence of kidney dysfunction through the cardio-renal interrelationship is less
in females compared to age-matched males [144].

This is the first study to investigate the impact of CS on MI-induced renal damage in
type | (CRS) between males and female mice. The findings of this study will have national and

international awareness and scientific impact.

I. Thesis Hypothesis and Aims

Our understanding of kidney damage in type | cardio-renal syndrome following CS
exposure is not well elucidated. Most of the studies focused on the impact of CS-induced
kidney damage in males. To date, the exact mechanisms behind the impact of harmful CS
compounds on Ml induced kidney dysfunction through the cardio-renal interrelationship
remain poorly understood and is the main focus of our study. Based on our rational supported
by published evidence, we hypothesize that kidney damage post-CS exposure is worsened in
both MI genders with female MI mice being more protected. This is the first study to assess
the impact of CS on kidney damage in the presence of Ml in females. The main Aim of this
study is to investigate whether CS exposure causes worsened kidney damage in MI-male mice

when compared to relative female mice.
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CHAPTER II

MATERILAS AND METHODS

A. Study Input

Sixty, 5 months old C57BI/6J, male and female mice were used to carry on the
experiments proposed in the aim of this study. As detailed in figure 4, mice were divided into
2 groups: 30 males and 30 females. Each group was then divided into 3 subgroups: 10

controls, 10 Ml and 10 MI+CS.

1. Study Design

10 10 10 10 10 10

Controls MI CS+MI Controls Mi C5+MI

Figure 4 Study design

Baseline BP and baseline Echo were recorded. Mice were then enrolled in two weeks
of CS exposure with BP and echo recorded at the end of week two, followed by Ml induction.

Mice were exposed to CS for another week post-M before sacrifice at the end of week 3.
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Figure 5 Study Design Timeline

B. Animal Use

According to the “Institutional Animal Care and Use Committee” (IACUC) guidelines,
age matched male and female C57BL/6J mice were used in this study. In the animal care
facility at AUB, 5 months old mice were maintained under pathogen free optimum conditions
with 12 light/12dark hours cycle and were allowed to unlimited standard chow and water
access. Animals were distributed according to the Study Design as detailed in the section

above.

C. Hemodynamics and LV Function Assessment

1. Echocardiography

Echocardiography was performed according to the American Society of
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Echocardiography guidelines using Vevo 2100™ High-Resolution Imaging System (Visual
Sonics, Toronto, Canada). Briefly, general anesthesia was induced with isoflurane (1.5% in
oxygen) inhalation. Rectal thermostat and warming plate were used in order to monitor and
maintain body temperature at 37 Co. M-mode and B-mode echocardiography images were
obtained in the parasternal long- and short-axis views by placing the transducer on the left
thorax and directing ultrasound beam at the mid papillary muscle level. Continuous interface
of the anterior and posterior walls was visualized and well defined before measurements. For
all animals, mean calculations of ejection fraction (EF) and cardiac output (CO) were
measured for three or more consecutive cardiac cycles at baseline, at the end of week 2, and

right before sacrifice.

2. Blood Pressure in fully conscious mice

Blood pressure was measured using the tail cuff- method (CODA-2, Kent Scientific,
Torrington, CT) under fully conscious conditions. This method allows real- time recording of
tail blood flow, tail blood volume, heart rate, systolic BP, diastolic BP, and mean BP based on
volume pressure recording (VPR) sensor technology. Mice were trained for 3 days by
measuring BP daily. Each BP session consisted of 5 acclimatization cycles followed by 15 BP
measurements. The average of mean BP, diastolic BP and systolic BP from each BP session

and in each mouse was used

D. CS Exposure

(ONARES, CH Technologies, USA) nose only exposure apparatus was used to expose

restrained and conscious C57BL/6J aged-matched male and female mice to mainstream
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smoke. This apparatus has been extensively used to study smoking related disease This
smoking machine includes a puffer generating puffs at a constant frequency of one puff/50
second, a volume 2 ml/puff and duration of 2.5 second/puff. 3R4F scientific cigarettes
(University of Kentucky, Lexington, KY, USA) were used allowing a total particle matter
(TPM) concentration of about 100 mg/ cm3/mouse/session, 9.4 mg tar, and 0.726 mg nicotine
per cigarette. Mice received two 90-minutes sessions daily, 7days/week for 2 weeks before

inducing MI, then one week after.

E. MI Induction

MI was induced by left anterior descending (LAD) coronary artery ligation. To
eliminate any pre-existing co-morbidities that may complicate surgical outcomes,
hemodynamic examinations including heart rate (HR), BP, body temperature, respiratory rate
and body weight were performed. 15 min prior to MI, mice were given tramadol (0.05-0.1
mg/kg i.p.) to induce general anesthesia. To prevent hypothermia, the mouse was placed on a
heating pad and anesthetized by using isoflurane (2-3% in oxygen) inhalation. Normal
respiratory rate was maintained by performing orotracheal intubation by placing a needle into
the trachea, connected to mini ventilator (Harvard Apparatus). After the animal’s left thorax
incised, LAD coronary artery, left ventricle, and left atria were exposed. MI was induced by
LAD ligation with 7-0 polypropylene suture at 1-3mm underneath the left atrium appendage.
To confirm MI and assess infarction size, 2,3,5-triphenyltetrazolium chloride TTC staining
(Sigma-Aldrich) was used. Each left ventricle was sliced into base, midsection and apex. Both

left ventricle slices and right ventricle were incubated with 1% TTC staining for 15 min at
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370C. The infarct size (appears in white) was measured by using Image j software
(https://limagej.nih.gov/ij/) as a percentage (infarct size/risk area %) of the risk area (appears in
red). Then the thorax was closed. Mice were monitored on a daily basis to ensure fully

recovery.

F. Necropsy (Sacrifice Steps)
At the end of the experiment, mice were sacrificed as follow:
1. To perform anesthesia, all mice were exposed to isoflurane vapor (Forane®) diluted with
02.

2. 5 min prior sacrifice, heparin injections were given to mice to simplify blood collection.

3. 100 uL cardioplegic solution was injected in order to arrest the heart of mice at diastole
phase of cardiac cycle.

4. Upon removal LV remote and infarcted areas were snap frozen in liquid nitrogen for RNA
and protein extraction and mid sections were suspended in formalin-containing storage
vials for histology analysis.

5. To assess cardiac hypertrophy, heart weight/tibia length ratio was used.

6. Kidneys were divided into two sections; right kidney and left kidney. For histopathology,
right kidney was fixed in formalin and embedded in paraffin. Whereas, left kidney was
snap frozen in liquid nitrogen for further molecular analysis.
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G. Immunohistochemistry

1. Hematoxylin and Eosin (H& E) Staining

To highlight glomerular retraction for all experimental groups, H&E staining was used.
Hematoxylin is a deep blue-purple stain with an affinity to acid, thus it stains nucleic acid.
Whereas, Eosin has a pink color and stains protein nonspecifically. Briefly, kidney tissues
were fixed in 10% formalin, dehydrated and then embedded in paraffin. 4 pm thickness kidney
sections were deparaffinized, rehydrated, stained with H&E and then examined under light

microscope.

2. Masson’s Trichrome Staining

Masson’s Trichrome staining is used to study collagen deposition and fibrosis.
Dewaxing and hydration steps were done, then kidney tissues were soaked in Bouin solution at
56 Co for one hour, washed in running tap water, and rinsed in distilled water. After 10 min
incubation with hematoxylin, a second washing step was done, and kidney tissues were then
stained in biebrich scarlet acid fuchsin for 10 min. kidney sections were washed and
differentiated in phosphomolybdic- phosphotungstic acid solution for 10 min, transferred to
aniline blue solution, stained for 5 minutes and observed using light microscopy. Fibrosis was

measured using Image J software (https://imagej.nih.gov/ij/).

3. Periodic Acid Schiff (PAS) Staining

Control, M1, and MI+CS groups were stained with PAS to detect PCT dilatation by
using Image J software (https://imagej.nih.gov/ij/). PAS stains carbohydrate and

polysaccharides including glycogen, resulting in a pink color. Dewaxing and hydration steps
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were performed to the paraffin embedded kidneys. Kidney tissues were incubated with 0.5%
PAS staining for 10 minutes, then with the Schiff reagent for 10-20 minutes and washed for 5
minutes. Dehydration with increased percentage of ethanol (75, 95% and 100%) were done.

Finally, slides were mounted and observed under light microscope after cleaning with xylol.

H. Molecular Analysis

1. Dihydroethidium (DHE) Staining

DHE staining (Calbiochem, Darmstadt, Germany) was used to assess the levels of
glomeruli reactive oxygen species (ROS). Briefly, unstained slides were incubated with 10 pM
DHE in a humidified chamber under dark condition for 45 min at room temperature. Laser
Scanning Fluorescent Microscope (Zeiss Axio) was used to acquire images for kidney tissues

under 20x magnification.

2. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)

TUNEL assay is used to assess DNA fragmentation. Kidney tissues were mounted on
slides, dewaxed and rehydrated. DNA fragmentation detection kit was used to perform
TUNEL staining as described by manufacturer’s instructions. On the slides, glomeruli with
green nuclear labeling were considered as TUNEL positive. DNA fragmentation was
evaluated by using Laser Scanning Fluorescent Microscope (Zeiss Axio) under 20x

magnification.

3. Protein Extraction and Western Blots

Control and experimental snap frozen kidneys were crushed under liquid nitrogen.
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Extraction buffer composed of 100 Mm dithiothreiol, 1% sodium dodecyl sulphate (SDS),
0.9% NACL, and 80 Mm Tris hydrochloride (PH 6.8) was used to kidney homogenization.
The samples were heated for 10 min at 950C left overnight on rocking shaker at 40C.

150 pg of kidney tissues were loaded into the wells of 15% sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were then run until the dye reached
the bottom of the gel and transferred onto a nitrocellulose membrane at 100 volts, for 1 hour,
at 4 C. Blocking of the membrane was done by using 5% free-fat milk dissolved in TBST
0.1% (Tris buffer saline with 0.1% Tween 20) , at room temperature for 2 hours. Afterward,
membranes were incubated with a dilution of polyclonal primary antibodies in 0.1% TBST
overnight at 4 C. The membranes were then washed with 0.02% TBST (4*5min) and
incubated with 1:40000 biotin- conjugated secondary antibody in 0.1% TBST for one hour at
room temperature. Afterwards, membranes were washed and incubated in 1/200000 HRP-
conjugated streptavidin for 30 min. After washing with 0.02% TBST (2*5min) and TBS
(2*5min), sufficient volume of ECL chemiluminescence kit (Biorad) was added to the
membranes to be then visualized using chemidoc MP imaging system- Biorad Protein
expression level was normalized to total protein [158], and analyzed using image J software

(https://limagej.nih.gov/ij/)

34



Primary antibody Dhlution/Con
centration

Anti IL-1P (Abcam) 1/500

Anti IL-4 (Abcam) 1/1000

Ant1 IL-10 (Abcam) 1/1000

Anti IT.-13(Abcam) 1/500

Ant1 pro-caspase 3(Abcam) 1/500
Anti-o-SMA(Abcam) 1/200

Table 2:
List of used antibodies

4. RNA Extraction and Real Time g-PCR

Snap frozen kidney tissues were ground in liquid nitrogen by a mortar and pestle then
total RNA was extracted using Trizol according to manufacturer's instructions (Thermo Fisher
Scientific, Grand Island, NY,USA). NanoDrop® ND-1000 UV-Vis Spectrophotometer was
used to quantify RNA. RNA purity was assessed using the absorbance ratio of 260 to 280 nm,
where a value of 1.8-2.0 indicated good quality RNA. Real time g- PCR was used to quantify
differences in m RNA expression. During RT step, cDNA was synthesized from 1pug RNA,
using Revert Aid 1st Strand cDNA synthesis kit (Thermo, USA), followed by real time PCR
analysis in a CFX96 real-time PCR system (Bio-Rad, Germany). Then the synthesized cDNA
was loaded in duplicate with 0.05 uM of the forward and reverse primers of the gene of
interest and mixed with SYBR® Green for qPCR steps. Gene expression was monitored using

SYBR® Green PCR Master Mix (Bio-Rad, Hercules, CA, USA) to quantify the expression of
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MMPS8, MMP13, CTGF, a-SMA, NMRK1, NAMPT, SIRT1, SIRT3, and PARP-1. GAPDH

was used to normalize gene expression between the different samples. To check for non-

specific amplification, no-template control (water without DNA) was used. Normalized fold

expression relative to the control was calculated and plotted by Biorad CFX-manager to

compare differential gene expression.

Primer Forward Reverse

MMPS CACACTCCGTGGGGAGATTT GCCTGAAGACCGTTGGGTAG
MMP13 AGAAGTGTGACCCAGCCCTA GGTCACGGGATGGATGTTCA
CTGF ACCCAACTATGATGCGAGCC GGTAACTCGGGTGGAGATGC
a-SMA CAGCGGGCATCCACGAAA GGCCCAGCTTCGTCGTATT
NAMPT ACCAGCGGGGAACTTTGTTA ACATAACAACCCGGCCACAT
NMERK1 CTTGAAGCTTGCTCTGCGAC GTGTCGTCTTCCCTCCGTTT
SIRTI1 CGGCTACCGAGGTCCATATAC | ACAATCTGCCACAGCGTCAT

Table 3:

List of primers

5. Immunofluorescence (IF)

IF was used to assess the protein expression level of a-SMA in kidney tissues.
Kidney slides were placed in an antigen retrieval buffer for 15 min at 95 C°, then washed with
TBS two times for 5 min each. 10% NGS was used to block non- specific binding of a-SMA
antibody for 2 hours. Kidney tissues were then incubated with a dilution of a-SMA antibody in
TBS (1:200) overnight at 4 C°, followed by two washes with TBS for 5 min each. Afterward,
slides were incubated with a dilution of secondary antibody (FITC) in TBS (1:100) for 1
hours, followed by 2 washes with TBS, 5 min each. a-SMA protein expression level was then

quantified using Laser Scanning Fluorescent Microscope (Zeiss Axio) under 20x
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magnification.

I. NAD extraction and Quantification

Kidney tissues were extracted using 75% ethanol, 25% HEPES 10 mM pH7.1, buffer
(20 ul/mg of tissue) and diluted in water to a final volume of 25 pl to reach a concentration
within the standard curve. Extracts were then added to 100 uL of reaction buffer (600 mM
ethanol, 0.5 mM 3-(4.5dimethylthiazol-2-yl)-2.5- diphenyltetrazolium bromide (MTT), 2 mM
phenazine ethosulfate (PES), 120 mM Bicine (pH7.8), yeast alcohol dehydrogenase (SIGMA
A3263 > 300 u/mg) 0.05mg/ml. Kinetics of the reaction (OD at 550nm, every 30 seconds for
20 minutes) was followed on LB 942 Multimode Reader. NAD was quantified in duplicates
for each sample by comparison to a range of standard NAD concentration using linear
regression curve equation method between NAD standard concentrations and the slope of the

reaction.

J. Statistical Analysis

Results are expressed as raw data or as the Mean = SEM. TUKEY Statistical
comparisons were performed using two-way analysis (ANOVA) with appropriate post-hoc test
to determine statistical significance. The p value was determined and values for p<0.05 (*)
were considered significant. Microsoft Excel and GraphPad software were used to perform

statistical analysis.
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CHAPTER 111

RESULTS

A. Hemodynamics and LV function assessment
1. Female and male MI mice presented no change in SBP following 2 weeks of CS

Following 2 week of CS exposure, no marked increase in SBP in both genders was
noted. Therefore, at the onset of MI, BP measurements between male and female mice were
not significantly different and could not account for any observed differences in cardiac

remodeling between genders post-MI.
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Figure 6 Comparison of SBP in non-CS exposed and CS-exposed MI male and female mice

before undergoing MI, showing no change in all groups. MI: Myocardial infarction; MIF: MI female
mice; CSMIF: Smoking MI female mice; MIM: MI male mice; CSMIM: Smoking MI male mice.
Values are represented as mean * s.e.m.; Two-Way-Anova statistical analysis.
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2. Significant decrease in EF in CS-exposed MI male mice when compared to CS
exposed MI female mice

EF was significantly decreased in non and CS-exposed MI male and female mice
compared to control groups. Of note, a marked decrease in EF was observed in MI male mice
following CS exposure when compared to the relative female subjects, suggesting a worsened

cardiac remodeling post CS exposure in M1l male mice.

(d) FC (e) FMI (f) FMICS
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Figure 7 Typical B-mode images of parasternal long-axis view

(a) representative Control male mice group; (b) representative non-CS exposed MI male mice group;
(c) representative CS-exposed MI male mice group; (d) representative control female mice; (e)
representative non-CS exposed MI female mice group; and (f) representative CS-exposed MI female
mice group. Ejection fraction is also calculated for each group showing effects of CS exposure on
cardiac function after M1 and MI+CS. EF was significantly decreased in non and CS- exposed male
and female mice. Of note: the decrease in EF was markedly heightened in CS-exposed MI male mice
when compared to their relative female group. C: Control; Myocardial infarction; CS: Cigarette
smoking. (N=10); represented as; Values are represented as mean + s.e.m.; Two-Way-Anova statistical
analysis; p value<0.05

3. Significant decrease in Cardiac Output (CO) in CS-exposed MI compared to non
CS-exposed MI male mice

A significant decrease in CO in CS-exposed MI compared to non CS-exposed MI male
mice was observed. In female mice, on the other hand, no marked depression in CO following
CS exposure was noticed. These findings suggest a worsened systolic cardiac function

following CS exposure only in male groups.
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Figure 8 Cardiac Output (CO) variation

A significant decrease in CO was observed in non CS- exposed MI male and female mice when
compared to their controls. Of note, CO was markedly decreased following CS in MI male mice.
However; no significant change was noted in CS-exposed MI female mice. C: Control; MI: myocardial
infarction; CS: Cigarette smoking; *: Significance between MI and Ctrl; #: Significance between
MI+CS and MI; One Way Anova (N=10); P value< 0.05

B. Histological analysis of the kidneys

1. Glomerular retraction was significantly increased in CS-exposed MI male
compared to CS-exposed MI female mice

We examined glomerular retraction in control, M1l and MI+CS groups (n=8/group) in
both genders using H&E staining. Figure 10 shows that glomerular retraction was strongly
heightened in non CS-exposed and CS-exposed MI male and female mice compared to their
relative subjects. Of note, glomerular retraction was significantly increased in MI males

following CS exposure when compared to the relative female subjects.
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Figure 9 Effect of CS and Ml on kidney histopathology, using H&E staining

Non CS- exposed MI male and female mice showed a significant increase in glomerular retraction
compared to baseline. A significant increase in CS- exposed MI to non CS-exposed Ml in both genders
was also noted. Ctrl: Control; MI: Myocardial infarction; CS: Chronic cigarette smoking; *:
Significance between M1 and Ctrl; #: Significance between MI+CS and MlI; $: Significance between
male and female mice; (n=8); Values are represented as mean + s.e.m.; Two-Way-Anova statistical
analysis; p value<0.05
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2. Proximal Convoluted Tubule (PCTs) dilatation was heightened in CS- exposed
MI males when compared to relative females group

PCT dilatation was assessed in all experimental groups (n=5/group) in both genders
using PAS staining. Figure 11 shows a significant increase in PCT dilatation in CS-exposed
MI male mice compared to control and non-CS exposed MI male groups. Of interest, no
significant change in PCT dilatation was observed between all female groups, however, all

female groups had a significantly less PCT dilatation than the relative male groups.

Females
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Figure 10 Effect of Ml and CS+MI on kidney histopathology: PAS staining

showed Significant dilatation in Proximal Convoluted Tubules (PCTs) in CS-exposed MI males
compared to the relative female subjects. Ctrl: Control; MI: Myocardial infarction; CS: Chronic
cigarette smoking; *: Significance between Ml and Ctrl; #: Significance between MI+CS and Ml; $:
Significance between male and female mice; (n=5); Values are represented as mean * s.e.m.; Two-
Way-Anova statistical analysis; P value <0.05

3. Increased fibrosis in non CS-exposed and CS-exposed MI male compared to the
relative female mice

Interstitial fibrosis was assessed in control, MI and MI+CS male and female mice
(n=5/group) using Masson’s Trichrome staining. Figure 12 shows that both genders showed a
significant increase in interstitial fibrosis following MI and CS exposure when compared to
their relative controls. Importantly, interstitial fibrosis was significantly heightened in non CS-

exposed and CS-exposed MI males when compared to the relative female groups.
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Figure 11 Effect of MI and MI+CS on kidney histopathology: Masson’s staining

showed significantly increased interstitial fibrosis in both non CS- exposed and CS- exposed MI male
and female mice compared to controls and non CS-exposed MI groups respectively. Ctrl: Control; Ml:
Myocardial infarction; CS: Chronic cigarette smoking; *: Significance between Ml and Ctrl; #:
Significance between MI+CS and MI; $: Significance between male and female mice; (n=5); Values
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are represented as mean + s.e.m.; Two-Way-Anova statistical analysis; p value< 0.05

C. Molecular analysis of the kidneys

1. No gender based differences in glomeruli ROS production between male and
female mice was observed in CS effect on MI induced kidney damage

Glomeruli ROS production was assessed using DHE staining in all mice groups
(n=3/group). Figure 13 shows that glomeruli ROS production was significantly heightened in
non CS and CS-exposed MI male and female mice compared to their relative subjects.

However, no gender differences in ROS production was noticed.
Mi
f
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46



Z 8-
b Bl Control
g ~# ' MI
[~]
™ — 6+ *
S 3 : B MI+CS
FI =)
= £ 4 * *
d.] & -
I T
g 4 29
i 1N
2 i
E 0 T r

& &
a & &

<

Figure 12 Effect of Ml and MI+CS on glomeruli ROS production

in Kidney tissues using DHE staining showed significant increase in glomeruli ROS generation in non
CS-exposed and CS-exposed MI compered to Ctrl and non- CS exposed MI groups respectively in both
genders. Ctrl: Control; MI: Myocardial infarction; CS: Cigarette smoking; *: Significance between Ml
and Ctrl; #: Significance between MI+CS and MI; (n=3); Values are represented as mean + s.e.m.;
Two-Way-Anova statistical analysis; P value<0.05

2. Glomeruli DNA fragmentation was markedly increased in non CS-exposed Ml
male when compared to non CS-exposed M1 female mice

Glomeruli DNA fragmentation was assessed in all experimental groups using TUNEL
assay: Figure 14 showes a significant increase in DNA fragmentation in male mice following
MI and MI+CS compared to control. DNA fragmentation in female mice was markedly
heightened in non-CS and CS-exposed MI groups compared to control and non CS-exposed
mice respectively. Importantly, higher DNA damage was observed in non CS-exposed M

males when compared to non CS-exposed MI females.
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Figure 13 Effect of Ml and MI1+CS on glomeruli DNA fragmentation

using TUNEL assay: DNA fragmentation was significantly increased in non CS- exposed and CS
exposed MI male mice compared to baseline. A significant increase in DNA fragmentation was
observed in non CS- exposed and CS- exposed MI female mice compared to baseline and non CS-
exposed MI mice respectively. Ctrl: Control; MI: Myocardial infarction; CS: Cigarette smoking; *:
Significance between Ml and Ctrl; #: Significance between MI+CS and MI; $: Significance between
male and female mice; (n=3); Values are represented as mean + s.e.m.; Two-Way-Anova statistical
analysis; P value<0.05.
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3. Evaluation of pro-inflammatory, pro-apoptotic, and anti-inflammatory cytokines
protein expression in male and female mice’ kidneys tissue

a. IL-1B was significantly increased in male groups compared to control

Figure 15 shows a significant increase in IL-1p protein level in non-CS exposed and
CS-exposed MI male mice compared to their controls. While, no significant change in IL- 1P

protein level in female mice was observed.
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Figure 14 Effect of Ml and MI+CS on IL-1 S protein levels

In kidney tissues: Wb showed a significant increase in IL-1f in non and CS- exposed M| male
compared to baseline. . Ctrl: control; MI: Myocardial infarction; CS: Cigarette smoking male; *:
Significance between Ml and Ctrl; (Male groups n=6, Female groups n=4); Values are represented as
mean + s.e.m.; Two-Way-Anova statistical analysis; P value<0.05
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b. Significant increase in pro-caspase 3 protein level was noted in non CS-
exposed MI male compared to non CS-exposed MI female mice

Figure 16 shows a marked increase in pro-caspase 3 protein level in non CS- exposed Ml
males compared to the relative female group. CS exposed MI male mice tend to have a higher

level of pro-caspase 3 expression when compared to relative female groups.
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Figure 15 Effect of Ml and MI+CS on pro-caspase 3 protein level
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In kidney tissues: Wb showed a significant increase in pro- caspase 3 level in non CS-exposed MI male
compared to non CS-exposed MI female mice. Ctrl: control; MI: Myocardial infarction; CS: Cigarette
smoking male; *: Significance between MI and Ctrl; $: Significance between male and female mice;
(Male groups n=6, Female groups n=4); Values are represented as mean + s.e.m.; Two-Way- Anova
statistical analysis; P value<0.05
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c. IL-13 significantly increased in CS-exposed MI female mice when compared to
relative M| male mice groups.

Figure 17 demonstrates that IL-13 protein level was significantly increased in non CS-
exposed and CS-exposed MI female groups compared to control. Of interest, higher level of
IL-13 was observed in CS-exposed MI female mice when compared to the relative male

subjects.
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Figure 16 Effect of Ml and MI+CS on anti-inflammatory cytokines IL-13 protein

In kidney tissues: Wh showed a significant increase in IL-13 expression level in non CS- exposed and
CS- exposed MI females compared to control. Additionally, 1L-13 was significantly increased in CS-
exposed MI females compared to CS- exposed MI male mice. Ctrl: control; MI: Myocardial infarction;
CS: Cigarette smoking male; *: Significance between Ml and Ctrl; $: Significance between male and
female mice (Male groups n=6, female groups n=4); Values are represented as mean + s.e.m.; Two-
Way-Anova statistical analysis; p value<0.05
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d. Significant increase in IL-4 levels in CS-exposed MI female mice compared to
control

Figure 18 shows that IL-4 protein level was significantly heightened in non CS-
exposed MI male and female mice compared to control. Of note, a marked increase in IL-4

level was also observed in CS-exposed MI female mice when compared to control.
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Figure 17 Effect of Ml and MI+CS on anti-inflammatory cytokines IL-4 protein level

kidney tissues: Wb showed a significant increase in IL-4 expression level in non CS- exposed male
and female mice. Additionally IL-4 was significantly heightened in CS- exposed MI females when
compared to control. Ctrl: control; MI: Myocardial infarction; CS: Cigarette smoking male; *:
Significance between Ml and Ctrl; $: Significance between male and female mice (Male groups n=6,
female groups n=4); Values are represented as mean + s.e.m.; Two-Way-Anova statistical analysis; p

value<0.05
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e. No significant increase in IL-10 in both gender was noted

Figure 19 shows no significant change in IL-10 protein level in both non and CS-
exposed MI genders when compared to their control groups. However, a similar trend to 1L-4

expression was observed.
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Figure 18 Effect of Ml and MI+CS on anti-inflammatory cytokines IL-10 protein level

Kidney tissues: Wb showed that no significant change in IL-10 protein level in non CS- exposed and
CS- exposed MI male and female mice was observed. Ctrl: control; MI: Myocardial infarction; CS:
Cigarette smoking male; *: Significance between Ml and Ctrl; $: Significance between male and
female mice (Male groups n=6, female groups n=4); Values are represented as mean + s.e.m.; Two-
Way-Anova statistical analysis; p value<0.05
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4. Evaluation of fibrotic biomarkers mMRNA expression levels in male and female
mice’ kidneys tissue

a. MMP 8 and MMP13 expression levels were significantly increased in males
when compared to their relative female groups

Figure 20 shows a significant increase in MMP8 mRNA expression level in both non
CS-exposed and CS-exposed MI male mice when compared to their relative female groups.
MMP13 mRNA expression level, on the other hand, is markedly increased in non CS-exposed

MI males when compared to non CS-exposed female mice.

. B Convol woed : B Control
< 100+ T (V7] A T Mi
g § M MeCS g § 400+ B MCS
g5 o 54
a 504 xr
z ‘E $ ; é 2004

o - + L 0 g —;’—_-_..
& & *° &

Figure 19 Effect of Ml and MI+CS on MMP8 and MMP13 mRNA levels

In kidney tissues: g-PCR showed a significant increase in MMP8 in non CS-exposed and CS- exposed
MI male compared to baseline. Additionally, MMP 8 level was markedly heightened in non CS-
exposed and CS-exposed MI male when compared to relative female groups. A significant increase in
MMP13 m RNA expression level in non CS-exposed MI males compared to non-CS exposed Ml
female mice was noted. Ctrl: control; MI: Myocardial infarction; CS: Cigarette smoking male;*:
Significance between Ml and Ctrl; $: Significance between male and female mice (N=3); Values are
represented as mean + s.e.m.; Two-Way-Anova statistical analysis; p value<0.05
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b. Connective Tissue Growth Factor (CTGF) and a-Smooth Muscle Actin (a-
SMA) mRNA were markedly increased in non-CS exposed MI males when
compared to non CS-exposed MI female mice

Figure 21 shows that both CTGF and a-SMA mRNA expression levels markedly

heightened in non CS- exposed MI male mice when compared to the relative female groups.
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Figure 20 Effect of MI and MI+CS on CTGF and a-SMA mRNA levels

In kidney tissues: g-PCR showed a significant increase in CTGF in non CS-exposed MI male
compared the relative female group. a-SMA level was markedly heightened in non CS-exposed Ml
male when compared to non CS — exposed MI female mice. Ctrl: control; MI: Myocardial infarction;
CS: Cigarette smoking male; *: Significance between Ml and Ctrl; $: Significance between male and
female mice (N=3); Values are represented as mean + s.e.m.; Two-Way-Anova statistical analysis; p

value<0.05.

Cc. o-Smooth Muscle Actin (a-SMA) protein expression level, using WB and IF,
was significantly increased following M1 and MI+CS in males when compared

to the relative female subjects.

Figure 22 shows that a-SMA protein level markedly heightened in non and CS-
exposed MI males when compared to the relative female groups. Of note, no significant

change was observed in all female mice groups.
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Figure 21 Effect of Ml and MI+CS on a-SMA protein level in kidney tissues

WB showed a significant increase in a-SMA in non CS- exposed and CS-exposed MI males when
compared control. Of note, a-SMA level was markedly heightened in non and CS- exposed MI males
when compared to the relative female subjects. Ctrl: control; MI: Myocardial infarction; CS: Cigarette
smoking male; *: Significance between M1 and Ctrl; $: Significance between male and female mice
(N=3); Values are represented as mean * s.e.m.; Two-Way-Anova statistical analysis; p value<0.05.
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5. Evaluation of NAD biosynthetic and consuming enzymes mRNA expression in
male and female mice’ kidneys tissue

a. A significant increase in Nicotine Amide Phosphoribosyl Transferase
(NAMPT) and Nicotinamide Riboside Kinase -1 (NMRK-1) in non and CS-
exposed MI female mice when compared to the relative male groups

Both NMRK1 and NAMPT mRNA expression levels significantly increased in non
and CS-exposed MI females when compared to the relative male mice groups (Figure 23).
Male groups, on the other hand show no significant change in NMRK1 and NAMPT mRNA

expression levels following MI and MI+CS.
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Figure 22 Effect of Ml and MI+CS on NMRK-1 and NAMPT mRNA levels

In kidney tissues: g-PCR showed a significant increase in NMRK-1 and NAMPT in non and CS-
exposed MI females when compared to the relative male groups. Ctrl: control; MI: Myocardial
infarction; CS: Cigarette smoking male; *: Significance between Ml and Ctrl; $: Significance between
male and female mice (N=3); Values are represented as mean + s.e.m.; Two-Way-Anova statistical
analysis; p value<0.05.
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b. SIRT-1 and SIRT-3 were significantly decreased in male mice when compared
to the relative female subjects

SIRT1 and SIRT3 mRNA expression levels significantly decreased in CS- exposed M|
male mice when compared to the relative female group (Figure 24).
Importantly, much marked decrease in SIRT1 and SIRT3 in non and CS-exposed MI male

mice were noticed when compared to the relative female subjects.
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Figure 23 Effect of Ml and MI+CS on SIRT-1 and SIRT-3 m RNA level in kidney tissues

g-PCR showed a significant decrease in SIRT1 and SIRT3 expression levels in both genders. Of note,
SIRT1 and SIR-3 were markedly decreased in non and CS-exposed MI males when compared to the
relative female group. Ctrl: control; MI: Myocardial infarction; CS: Cigarette smoking male;

*: Significance between Ml and Ctrl; $: Significance between male and female mice (N=3); Values are
represented as mean + s.e.m.; Two-Way-Anova statistical analysis; p value<0.05.

c. Poly (ADP-ribose) polymerase (PARP-1) was significantly heightened in non
CS- exposed MI male mice when compared to their relative female group

PARP-1 mRNA expression level significantly increased in non CS-exposed MI males
when compare to non CS-exposed MI female mice only.
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Figure 24 Effect of Ml and MI1+CS on PARP-1 m RNA level in kidney tissues

g-PCR showed a significant increase in PARP-1 in non CS- exposed MI male compared the relative
female group. Ctrl: control; MI: Myocardial infarction; CS: Cigarette smoking male; *: Significance
between MI and Ctrl; $: Significance between male and female mice (N=3); Values are represented as
mean % s.e.m.; Two-Way-Anova statistical analysis; p value<0.05.

D. NAD quantification

A Significant decrease in NAD level observed in CS-exposed MI males when
compared to non CS-exposed MI male mice.
Figure 26 shows that NAD level significantly decreased in Ml male when compared to the
control group. Importantly, NAD level is markedly decreased in MI male following CS

exposure when compared to MI male mice.
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Figure 25 Effect of MI and MI+CS on NAD level

A significant decrease in NAD level in non and CS-exposed MI male compared to the control group.
Ctrl: control; MI: Myocardial infarction; CS: Cigarette smoking male; *: Significance between MI and
Ctrl; #:Significance between CS-exposed MI male and non CS-exposed MI male mice (N=3); Values
are represented as mean + s.e.m.; One-Way-Anova statistical analysis; p value<0.05.
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Chapter 1V

DISCUSSION

Type | cardio-renal syndrome is a multifactorial condition in which combined acute
cardiac dysfunction and AKI reciprocally amplify the damage of both organs [159]. The
pathological mechanisms behind type | CRS development are very complex, including
hemodynamic changes, excessive ROS generation, inflammatory response, cell death, and
morphological alterations [160]. Numerous studies demonstrated the crucial role of cardio-
renal interrelationship in worsened renal damage, where cardiac systolic dysfunction induces
enhanced kidney damage. Decreased EF and CO following M1 lead to reduced renal perfusion
and a subsequent compensatory SNS and RAAS activation [155, 161].

Willemijn et al. showed that activation of RAAS in cardio-renal syndrome was associated with
progressive cardiac function loss and heightened renal damage [161]. CS is well- known to
have an adverse impact on cardiovascular disease with negative effects on kidneys function
[162, 163]. To date, no study compared the impact of CS on MI-induced kidney damage
between male and female mice. The main objective of the present study was to assess the
potentially different effects of direct CS exposure on kidney function in type | CRS between
male and female mice. We report for the first time that CS exacerbates kidney damage
following Ml in a gender biased manner with females being less susceptible to damage than
males. These observations are in accordance with our hemodynamic findings that revealed a
worsened ejection fraction in CS exposed MI male when compared to their relative female

groups. Findings of this study are not surprising given the repoted impact of CS and/or Ml on
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kidney damage. Kobeissy et al. reported a marked increase in PCT swelling in CS exposed Ml
male mice [155]. These claims are in line with our histological results related to kidney
damage that revealed a significant increase in glomerular retraction, PCT dilatation, and renal
interstitial fibrosis post-MI in both CS-exposed male and female mice. In addition, CS and Ml
are a major source of ROS induction particularly in the renal cortex supporting glomeruli ROS
production that significantly increased in our CS exposed MI groups [164, 165]. Of note,
excessive ROS generation caused by endogenous or exogenous stimuli is tightly linked to
cellular damage and subsequent induction of inflammatory reaction [108, 166]. Other studies
reported findings consistent with our DNA fragmentation data highlighting the stimulatory
impact of M1 or CS on renal cell death [167] [6]. Independent of the well-known M1 and/or
CS impact on kidney damage, the main finding of this study is the significant protective
effects observed within the kidneys of CS-exposed MI female mice when compared to relative
male mice group. These findings are in line with experimental and clinical studies showing a
protective effect of female sex hormones on the cardiovascular and renal system. For instance,
Wayne et al. reported that enhanced CO, heart rate, oxygen delivery, and decreased systemic
vascular resistance are associated with administration of E2 in an animal model with reduced
CO [168]. Along the same line, E2 has been shown to reverse endothelial dysfunction via
activating endothelial nitric oxide synthase [169]. Endogenous estrogen has also been linked to
reduction in glomerular mesangial cells damage, albuminuria, and tubule interstitial fibrosis
[151, 170]. Sophie et al. reported that ERaKO female mice developed podocyte apoptosis,
resulting in accelerating ECM accumulation and glomerular hypertrophy, eventually

increasing albumin excretion and exacerbating kidney damage. Conversely, administration of
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E2 inhibits TNF-a induced podocyte apoptosis [171].

At the inflammatory level, our findings indicated a marked increase in IL-1p protein
expression level in CS-exposed MI male mice when compared to the relative control, unlike
CS-exposed MI female mice that showed no significant difference. Of note, IL-1B levels are
implicated in cardiac and renal pathology and accentuated with Ml and CS [172, 173] [174]
[106, 175]. Targeting IL-1B with a monoclonal antibody decreased cardiovascular events post-
MI and enhanced kidney function [176]. Interestingly, previous investigations revealed that
physiological concentration of E2 decreases IL-1B expression level and IL-1B/IL-Ar ratio
consistent with our observations emphasizing the potential involvement of estrogen in the
observed protective effects [177]. IL-13 on the other hand was significantly accentuated in
CS-exposed MI female group whereas 1L-4 and IL-10 tended to be higher when compared to
relative male group indicating anti-inflammatory profile dominance in CS-exposed MI female
group. Both IL- 4 and IL-13 are known to promote AKI recovery by enhancing macrophage
polarization to M2 phenotype [178, 179]. In their study, Zang et al. reported that 1L-4/IL-13
inhibition enhances tubular injury along with decreased M2 anti-inflammatory phenotype and
enhanced M1 pro-inflammatory phenotype and subsequent increase in renal interstitial
fibrosis. IL-4 and IL-13 up-regulation in female mice can also be linked to estrogen [178]. In
fact, Campbell et al. indicated that IL-4-induced M2 polarization is primed in the presence of
E2 in mouse bone marrow derived macrophages (BMMs) [180]. Additionally, Riffo et al.
demonstrated that clinically relevant concentration of E2 promotes IL-13 expression level in
mediastinal lymph node cultures [181]. Noteworthy, no significant change in renal IL-10

expression level was observed between male and female mice following M1 and MI+CS when
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compared to relative controls. These results correlate with a study done by Zymek et al.
indicating that IL-10 has no central role in suppressing pro- inflammation cytokines release
and fibrosis deposition following MI [182].

With respect to our pro-fibrotic biomarkers findings, both Carig et al. and Garcia et al.
reported that MPP8 -/- mice showed reduced fibrosis, indicating that MMP8 has a pro- fibrotic
effect which was linked in our result to worsened kidney damage in CS-exposed MI male
when compared to the relative female group [183] [184]. As for MMP13 and CTGF levels,
George et al., showed that MMP13 cleaves CTGF, releasing therefore bioactive fragments that
are implicated in the progression of fibrosis [185]. Similarly, a- SMA, the hallmark of
fibroblast —to-myofibroblast differentiation and fibrosis, significantly increased in CS-exposed
MI male mice when compared to CS-exposed MI female group. The observed pro-fibrotic
biomarkers levels elaborate on the observed worsened kidney damage in CS-exposed MI male
group [186]. Additionally, the anti- inflammatory cytokine IL-13, markedly increased in CS-
exposed MI female mice, is known to downregulate MMP13 mRNA and protein levels,
eventually decreasing CTGF and a-SMA levels [187]. In contrast, the pro-inflammatory
cytokine IL-1p was shown to induce MMP8 and MMP13 mRNA expression level in gingival
fibroblast, leading to increase fibrosis [188]. These claims are in accordance with our findings
showing that increased IL-1p protein expression level in male mice following MI/CS tightly
correlated with heightened renal interstitial fibrosis [182].

Metabolically, our findings revealed that both NMRK1 and NAMPT, NAD
biosynthetic enzymes, were markedly heightened in females following M1 and MI+CS when

compared to the relative male groups. Veer et al and Pillai et al reported that increased
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NAMPT expression level enhances cellular life span through inducing SIRT1 mediated-
mitochondrial protein deacetylation and inhibiting PARP1-induced energy failure and cell
death [189, 190]. Similarly, Ratajczak et al. indicated that NMRK1 is highly expressed in
kidney tissues [191]. NMRKZ1 activity is required for the conversion of the exogenous
supplementation nicotinamide riboside (NR) to nicotinamide mononucleotide (NMN), and
subsequently to NAD [192]. Together SIRT1 and SIRT3, both being NAD dependent
enzymes, are implicated in mitochondria proteins deacetylation and integrity and were
significantly decreased in both MI male and female mice following CS exposure. Noteworthy,
this decrease was markedly heightened in CS- exposed MI males when compared to their
relative female group. Our data are consistent with multiple studies correlating renal stress
with decreased SIRT1 and SIRT3 mRNA expression levels. A model of diabetic nephropathy
induced AKI showed a significant decrease in SIRT3 mRNA expression level, resulting in
mesangial cells hypertrophy [193]. Similarly, decreased SIRT3 mMRNA expression level along
with mitochondrial protein hyperacetylation are documented in a model of cystatin- induced
AKI [194]. Multiple early studies linked SIRT-1 to mitochondria biogenesis, enhanced
podocytes function, decreased renal inflammation, fibrosis, and apoptosis [195, 196]. E2 is
known to promote the expression of SIRT-1 in response to excessive ROS generation,
resulting in caspase-3 inhibition, subsequently decrease in cell death [197]. Additionally,
Capllonch et al. indicated that the expression of SIRT3 is primed in ovariectomized female
mice treated with E2 [198]. On the other hand, PARP-1, a NAD consuming enzyme known to
be involved in several kidney disease models, tended to be higher in CS-exposed MI male

mice when compared to their relative female group without reaching significance. Our NAD
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data revealed a significant decrease in NAD levels following CS exposure in MI male mice
supporting the potential hypothesis behind PARP-1 mediated NAD depletion and the
mitochondria-associated cell death. The causative or associative relationship between
inflammation and NAD deficiency-induced apoptosis/necrosis cannot be ascertained based on
our findings. Further experiments using the PARP-1 inhibitor rucaparib, or direct targeting of
IL-1pB, for instance, by canakinumab might be necessary to sort this question.

In summary, this is the first study to report gender-biased differences in kidney damage
emphasizing a pronounced renal protection in CS-exposed MI female mice when compared to
relative male group with potential links to estrogen protective effects. However, whether the
observed findings are mainly due to estrogen mediated protection on the heart or kidney or
both is not clear. Our cardiac hemodynamic analysis revealed a worsened cardiac function in
CS exposed MI-male mice when compared to relative female group with no difference
between both genders when exposed to M1 only, indicating a CS- exposed genders difference
at least at the cardiac level. Whether the observed differences at the heart level are translated
onto the kidney due to worsened CO only in CS-exposed MI male mice, requires further
investigation. Of note blood pressure in both genders was similar in the presence and absence
of CS and prior to Ml induction indicating that any observed difference in cardiac function in
MI males and females is CS-mediated potentially through direct impact on the myocardium.
Ovarectomy and CS exposed controls studies will reveal whether estrogen is involved in these
observed effects and whether CS-induced damage on kidneys in typel CRS is mediated

through cardiac or renal alteration mechanisms or both.
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